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Nitric oxide reductase (NOR) is an iron-containing, membrane-
integrated enzyme, which catalyzes the reduction of nitric oxide,
NO, to produce nitrous oxide, N2O, based on the following
equation [1–4];
2NO þ 2e− þ 2Hþ→2N2O þ H2O ð1Þ
NOR is involved in the denitriﬁcation pathways in some bacteria, and
represents a type of anaerobic respiration, in which nitrogen oxides
such as nitrate NO3− and nitrite NO2− are converted into dinitrogen
gas, N2 [1]. NO is produced as an intermediate in the denitriﬁcation pro-
cess, but, due to its high cyto-toxicity, it is rapidly decomposed into N2O
by the NOR enzyme immediately after its production by nitrite reduc-
tase. Some pathogenic bacteria also utilize NOR for the detoxiﬁcation
of NOwhich is produced byNO synthase in host defense systems during
an infection [5,6]. In addition to the biological and physiological impor-
tance of these enzymes, NORhas been a subject of considerable interest,
from the environmental point of view, because the product of the NOR
enzymatic reaction is N2O, so-called laughing gas, and is a greenhouse
gas,more powerful by 310 times than carbon dioxide CO2, that also con-
tributes to the depletion of ozone in the stratosphere [7–10]. It is nowopean Bioenergetics Conference
rights reserved.realized that the generation of N2O by microorganisms accounts for
a large portion of the total N2O emissions on the surface of the
earth [8].
In 1994, NOR was classiﬁed as a member of the heme-copper
oxidase (HCO) super-family, based on the similarity of the amino
acid sequence of the core portion of NOR to the catalytic subunit of
cytochrome oxidases (COXs), an aerobic respiratory enzyme that cat-
alyzes the reduction of O2 [11,12].
ðO2 þ 4Hþ þ 4e−→2H2O ð2Þ
Furthermore, NOR and COX show cross reactivity with respective
substrates [13–15], supporting the view that NOR and COX are in
the same super-family. NOR is believed to share a common ancestor
with COX. The plausible evolutionary link between NOR and COX
suggests a scenario in which, after a drastic increase in the O2 concen-
tration on the earth (ca. 3 billion years ago), a part of the ancient re-
spiratory enzyme survived as the NO reducing enzyme, NOR, under
the prevailing anaerobic conditions, while another respiratory en-
zyme was functionally converted into the O2 reducing enzyme COX
via some structural modiﬁcations, to utilize O2 as a substrate. There-
fore, it is of interest to study the structural basis for the molecular
mechanism of NO reduction and N2O generation by NOR (Eq.1), and
to compare this reaction with that for the reduction of O2 by COX.
Most recently, we successfully determined the crystal structures of
two distinct types of bacterial NORs, cNOR from the Gram-negative
Pseudomonas aeruginosa (P.a.) [16] and qNOR from the Gram-positive
Geobacillus stearothermophilus (G.s.) [17]. cNOR, the most extensively
studied NOR, is a cytochrome c dependent NOR that is found only in
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The NorC subunit contains a heme c with His and Met residues
as axial ligands, which accepts electrons from an external protein
electron donor (either cytochrome c551 or the blue copper protein
azurin). The larger subunit of cNOR, NorB, contains three iron cen-
ters, i.e., two b-type hemes and one non-heme iron (FeB). The low
spin b-type heme (heme b) mediates electron transfer from the
heme c in the NorC subunit to the binuclear catalytic center that
consists of another b-type heme (heme b3) and FeB.
It is also noteworthy that qNOR is related to single-subunit
enzymes that are observed in non-denitrifying pathogenic bacteria,
as well as in denitrifying bacteria and archaea [2,4]. Although the sub-
unit composition of qNOR is different from that of cNOR, the ﬁrst
transmembrane (TM) α-helix and the adjacent region of qNOR have
a marked sequence similarity to NorC, and the main body of qNOR
is homologous to NorB. However, qNOR lacks heme c in the hydro-
philic domain, and accepts electrons from quinol, rather than from a
soluble protein such as cytochrome c or azurin. In spite of such differ-
ences in overall structure, the structural characteristics at the active
center, which consist of heme b, heme b3 and non-heme FeB, are in-
trinsically conserved between cNOR and qNOR.
The structural data for these two types of NOR enzymes reported
by our laboratory have provided us with structural bases for under-
standing the molecular mechanism of the catalytic generation of
N2O, and shed light on the molecular evolution of this respiratory
enzyme [16,17]. In this review, we describe the structural and
functional properties of cNOR and qNOR, and discuss the possibleFig. 1. Comparison of overall structures of NORs: (A) Crystal structure of Pseudomonas aerug
transmembrane helices with heme b, heme b3 and non-heme iron (FeB). NorC subunit (blue
heme c (green stick). The three iron atoms (orange) and a calcium (green) ion are shown as
structure of Geobacillus stearothermophilus qNOR in a single polypeptide is shown. The trans
main are colored in blue. The TM II, which is unique in qNOR, is colored in dark gray. The th
cNOR. (C) Top view (from periplasmic side) of A showing the arrangements of transmembmechanism for the NO reduction reaction and for the functional conver-
sion during molecular evolution.
2. Structural description of Pseudomonas aeruginosa cNOR and
Geobacillus stearothermophilus qNOR
In cNOR, the NorB subunit contains 12 TM helices, and the NorC
subunit has one α-helix in the TM region and one hydrophilic do-
main, typical of a cytochrome c fold, in the periplasmic side (Fig. 1).
On the other hand, qNOR contains 14 TM helices in the membrane-
spanning region, and an α-helical hydrophilic domain located on
the extracellular side. The topology of the helices of the TM region
in the two NORs is basically similar. One extra TM helix in qNOR
(TM helix II) is connected to the C-terminal end of the hydrophilic
domain, which is equivalent to the NorC subunit of cNOR, with the
TM helix III of the N-terminus of the TM region, which corresponds
to the NorB subunit of cNOR. The qNOR hydrophilic domain exhibits
substantial structural homology with the cytochrome c domain of
the NorC subunit in cNOR, while there is no marked sequence similar-
ity between them. Several bulky hydrophobic residues (Tyr84, Tyr98,
Tyr170, Tyr171, Phe175, Leu183, and Phe214) in G.s. qNOR compen-
sate for the loss of the hydrophobic heme macrocycle to retain the
cytochrome c fold.
NOR has ﬁve conserved Glu residues, all of which are known to be
functionally important in the catalytic NO reduction reaction [18–21];
Glu135, Glu138, Glu211, Glu215 and Glu280 in P.a. cNOR; Glu429,
Glu432, Glu512, Glu516 and Glu581 in G.s. qNOR. The crystalinosa cNOR is shown in the form of a ribbon diagram. NorB subunit (gray) contains 12
) contains one transmembrane helix in its N-terminus and cytochrome c domain with
spheres. The ﬁve conserved Glu residues (red) are shown as a stick model. (B) Crystal
membrane helix (TM) I in N-terminus and following cytochrome c-like hydrophilic do-
ird and the other helices of qNOR (colored in green) correspond to the NorB subunit of
rane helices for cNOR. (D) Top view (from extracellular side) of B for qNOR.
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Glu residues are the same in both cNOR and qNOR. Three residues
are located in close proximity to the non-heme metal of the binuclear
center, while the remaining two of the ﬁve conserved Glu residues
are positioned near the water cluster which is located around the
Ca2+ binding site (vide infra).
The TM portion contains heme b, heme b3 and a non-heme metal
as the active center in both cNOR and qNOR (Fig. 2). The heme b,
which contains two His residues (His60 and His349 in P.a. cNOR;
His355 and His653 in G.s. qNOR) as axial ligands to form a 6-
coordinated low spin iron, mediates electron transfer from the elec-
tron donor (heme c in cNOR; menaquinol in qNOR) to the binuclear
center, which is composed of a non-heme metal and heme b3. A Ca2+
is located between the propionates of the two hemes b and b3 in both
NORs. The Ca2+ ligands are the 7-propionate of heme b3, the 6-
propionate of heme b, Glu carboxylate (Glu135 in NorB of P.a. cNOR;
Glu429 in G.s. qNOR), Gly carbonyl oxygen (Gly71 in NorC of P.a.
cNOR; Gly91 in G.s. qNOR), Tyr phenolate (Tyr73 in NorC of P.a.
cNOR; Tyr93 in G.s. qNOR) and one water molecule. The presence
of Ca2+ bridging two heme propionates was also reported in cbb3
COX, a micro-aerobic respiratory enzyme, with a similar coordina-
tion structure [22], but the equivalent position in the other COXs
involved in the aerobic respiratory chain is occupied by positively
charged side chains of two conserved Arg residues (e.g., Arg449
and Arg450 in ba3 COX) [23–25]. Although the speciﬁc role of Ca2+
in the catalytic reaction remains unclear, Ca2+ is essential for the
NOR-catalyzed reaction, which is evident from the loss of Ca2+ and
NO reduction activity as the result of mutations of the Ca2+ ligands in
G.s. qNOR [17]. One of the possible roles of Ca2+ is maintenance of the
electron transfer pathway from heme b to heme b3 and/or modulation
of the redox potentials of the two hemes for achieving effective electron
transfer.
The structures of the binuclear centers are quite similar in cNOR
and qNOR; one His imidazole is the axial ligand for the heme b3Fig. 2. Active site structure of NORs. (A) Binuclear center of Pseudomonas aeruginosa cNOR
distorted trigonal-bipyramidal geometry with three His (at 207, 258 and 259) and Glu211
zinc (ZnB) in the crystal structure of qNOR. Its three His ligands show similar geometry a
Glu512 appears to increase the ﬂexibility of Glu512. (C) Top view of A. (D) Top view of B.(His347 in P.a. cNOR; His651 in G.s. qNOR), three His residues
(His207, His258 and His259 in P.a. cNOR; His508, His559 and His560
in G.s. qNOR) are ligands for the non-heme metal, and the heme b3
iron and non-heme metal are bridged by one oxygen atom (μ-oxo-
bridge). However, some structural differences are observed in the coor-
dination structure of the non-heme metal, presumably due to differ-
ences in the non-heme metal between P.a. cNOR and G.s. qNOR. The
non-hememetal appears to be iron (FeB) in P.a. cNOR, but is Zn (ZnB)
in G.s. qNOR, although FeB was expected in G.s. qNOR. Indeed, in our
expression system of qNOR in E. coli, a mixture of the FeB and ZnB
containing enzymes is expressed. The mixture catalyzes the reduc-
tion of NO, while the isolated ZnB enzyme is inactive. We have con-
cluded that FeB might have been accidentally substituted by ZnB
during our expression and puriﬁcation process. Fortunately, we
were able to obtain a crystal structure of the ZnB enzyme, but unfor-
tunately, attempts to accomplish this for the FeB enzyme have not
been successful. Consequently, for such metal substitution, the car-
boxylate of Glu211 coordinates to FeB in P.a. cNOR, while the equiv-
alent Glu residue in G.s. qNOR (Glu512) is no longer a ligand for
ZnB, and the resulting vacant position of the ZnB coordination sphere
becomes occupied by one extra water molecule. In addition, the dis-
tance between the heme b3 iron and the non-heme metal is shorter
for P.a. cNOR (3.8 Å) than that of G.s. qNOR (4.6 Å).
Although, in the crystal structure, the carboxylate group of Glu512
is located a considerable distance from ZnB (5 Å), a molecular dynam-
ics (MD) simulation suggests that this side chain can move toward
ZnB, and is in the ZnB coordination sphere in G.s. qNOR. Such structur-
al ﬂexibility around the Glu residue at the TM helix is possibly due to
the presence of the conserved Gly residue adjacent to a Glu residue
(Gly212 in P.a. cNOR; Gly513 in G.s. qNOR). In addition to such an
effect, Zn2+ (3d10), which is electron rich compared to Fe3+ (3d5),
could promote the dissociation of the negatively charged Glu carbox-
ylate from the non-hememetal. The coordination of the Glu carboxyl-
ate to the non-heme metal might be labile with respect to some. His347 is axial ligand for heme b3. The ligands for the non-heme metal (FeB) show a
. (B) Binuclear center of Geobacillus stearothermophilus qNOR. The non-heme metal is
s cNOR but Glu512 is located 5 Å from ZnB. The highly conserved Gly residue next to
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the electronic structure of the non-heme metal. This conserved Glu
in NOR (Glu211 in P.a. cNOR; Glu512 in G.s. qNOR) has been consid-
ered to play an important role in facilitating N\O bond cleavage dur-
ing the production of N2O and H2O, possibly as the terminal proton
donor, together with other two conserved Glu residues near the
binuclear center (Glu215 and Glu280 in P.a. cNOR; Glu516 and
Glu581 in G.s. qNOR). The ﬂexible Glu coordination to the FeB might
be crucial for the catalytic NO reduction reaction in NORs.
3. Molecular mechanism of NO reduction by NOR
For the reduction of NO by bacterial NOR, two NO molecules must
be accommodated to the heme b3 and FeB binuclear center [26], in
sharp contrast to COX, in which one O2 molecule binds to the binuc-
lear center that consists of heme and non-heme Cu (CuB). Inspection
of the active site structure of cNOR (Fig. 2a and c) indicates that the
coordination sphere is so crowded and highly packed that there is
no space to accommodate two NO molecules, even after the dissocia-
tion of the bridging μ-oxo ligand at the binuclear center. The ligation
of Glu211 to FeB in P.a. cNOR may be one of the structural reasons for
such a crowded environment at the binuclear center. Therefore, some
conformational changes in the catalytic cycle of cNOR at the binuclear
center, including the amino acid ligands are required in order to posi-
tion two NO molecules in an arrangement suitable for N\N bond for-
mation at the binuclear center.
As compared with cNOR, the active site of G.s. qNOR is less
crowded (Fig. 2b and d), because Glu512 is not a ligand for the non-
heme metal (vide supra). Indeed, one extra water molecule coordi-
nates to the non-heme metal. On the basis of this structural observa-
tion, it might be possible that, in the catalytic turnover of the NOR
enzymes, the Glu ligand could transiently dissociate from FeB, thereby
creating sufﬁcient space to accommodate a second NO molecule inL1~4 : 3His, Glu
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Fig. 3. Proposed scheme for the NOthe binuclear center, especially when the non-heme FeB is reduced
to the ferrous state (3d6) and/or the Glu ligand is protonated.
Although direct experimental evidence to support this hypothesis
regarding the NOR reaction is needed, this kind of conformational
change of a carboxylate ligand at the metal active site was already
observed in another metal-containing enzyme, namely quercetin
2,3-dioxygenase, in which the active site is copper with 3 His and 1
Glu ligands. The association/dissociation of Glu from Cu2+ (3d9) is
also observed in the crystal structure of quercetin 2,3-dioxygenase,
and such a structural rearrangement of the Glu ligand is thought to
be important for the catalytic reaction [27,28],
The following mechanism is proposed, for the bacterial reduction
of NO on the basis of the structural characteristics of cNOR and
qNOR (Fig. 3).
I. In the resting state (1), the heme iron and FeB in the ferric form
are bridged by the O ligand, consistent with the crystal structure.
The μ-oxo-bridged coordination structure is in good agreement
with the structure proposed based on a resonance Raman study
[29–31].
II. In a single turnover study of cNOR, whoever, we observed a strong
ESR signal at g=6, suggesting that the heme b3 iron is in a ferric
and 5-coordinated state [32]. It is likely that the non-bridged
structure of the binuclear center, rather than the μ-oxo-bridged
structure, is involved in the catalytic turnover of cNOR. This state
is designated as the fully oxidized state (2).
III. The order of the reduction of the two irons and the NO binding
is still unclear. However, as a result, two NO molecules bound to
the binuclear center in the fully reduced state; e.g., in the trans-
mechanism which we proposed based on data obtained in a
freeze-quenched EPR study [32], are shared by ferrous heme b3
and FeB (3). In this form, the binding of NO to the ferrous FeB
might accompany the dissociation of one of the ligands, probably4
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non-heme metal in G.s. qNOR structure.
IV. After the internal electron transfer from the ferrous irons to
the bound NO molecules, the close proximity of two NO− mole-
cules on the heme b3 and FeB could promote N\N bond formation,
producing a hyponitrite intermediate as a transient species (4).
Richardson and co-workers proposed that such a hyponitrite can
bridge two irons of heme b3 and FeB in the reaction intermediate
(5) [3]. In this hypothetical structure, the Fe\Fe distance would
be expected to be at least 4.4 Å. In other words, the irons must
shift by 0.4 Å from their original (fully oxidized state) positions
to generate sufﬁcient space for the accommodation of two NO
molecules. Such an elongated iron–iron distance was observed
in the G.s. qNOR structure, suggesting that the positional shift of
irons would be possible during the reduction of NO by NOR. The
subsequent protonation of the oxygen atom in the hyponitrite in-
termediate could produce a protonated hyponitrite species that
could reside on the heme b3 coordination site (6).
V. Protons which are transferred from bulk water through the deliv-
ery pathway (vide infra) could facilitate the N\O bond cleavage of
the hyponitrite to produce N2O and H2O (7). The dissociated Glu
side-chain could function as a shuttle for catalytic protons from
another Glu to the hyponitrite.Fig. 4. Possible proton transfer pathways described in side view (upper column) and top vie
cNOR. Glu57 of NorC and Asp198 of NorB locate at the gate of the channel. (B) Water chann
cytoplasmic surface with the active site of oxygen reduction.The chemical reaction of the NO reduction by bacterial NOR is re-
ferred to as a “disproportionation” reaction: 2(NO−)→hyponitrite+
2H+→N2O+H2O. More experimental and theoretical analyses of
the NOR structures in several oxidation and ligand-coordination
states will be necessary for the mechanism of the NO-catalyzed reac-
tion to be fully understood at the atomic level.
4. Proton transfer pathway
The NO reduction reaction (Eq. 1) requires protons for the cleav-
age of the N\O bond in the transient hyponitrite to produce N2O
and H2O. The catalytic protons would be transferred from bulk
water to the buried active site through a speciﬁc pathway consisting
of a water channel and/or a hydrogen-bonding network. In the P.a.
cNOR structure (Fig. 4a), although neither an obvious channel nor a
hydrogen-bonding network from the cytoplasmic side to the binuc-
lear center has been identiﬁed, two channels extend from the water
cluster located around the hemes b and b3 propionates (Ca2+ ligands)
to the periplasmic side of the enzyme through the NorB/NorC inter-
face [16]. Asp198 (NorB) and Glu57 (NorC) on the protein surface
are probably key residues that comprise the proton entry site, be-
cause both acidic residues are highly conserved in cNOR. We pro-
posed that the hydrophilic channels from periplasmic side identiﬁedw (lower column). (A) Periplasmic hydrophilic channel observed in crystal structure of
el observed in crystal structure of qNOR. (C) K-pathway in cbb3 oxidase connecting the
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protons to the catalytic site for the NO reduction reaction. The pro-
posal based on the reported structure is completely consistent with
extensive evidence obtained from electrochemical, biochemical and
ﬂow-ﬂash kinetic data, all of which unambiguously indicated that
electrons and protons are supplied from the same periplasmic side
of the molecule, and that the cNOR reaction is non-electrogenic
[33–36]. However, in our cNOR structure, the water cluster around
the Ca2+ and heme propionate groups is not connected to the FeB
ligand Glu211 that is a possible terminal proton donor in the NO re-
duction reaction. It is possible that some conformational changes
could be induced during the catalytic turnover to create a proton
transfer pathway from the periplasmic side to the essential Glu211
and Glu280 residues at the binuclear center through the water clus-
ter near the Ca2+ binding site.
In sharp contrast to cNOR, although a water cluster is also present
around the Ca2+ in the qNOR, there is no plausible proton transfer
pathway such as an obvious water channel and/or a hydrogen-bond
network from the extracellular (periplasmic) surface (Fig. 4b). A com-
parison of the structures of G.s. qNOR and P.a. cNOR revealed that a
key conserved Asp residue (Asp198 in P.a. cNOR) at the extracellular/
periplasmic channel in cNOR is absent in qNOR, which may result
in the collapse of the proton transfer pathway from the extracellular
side in qNOR. Instead of the channel from the periplasmic side, a
hydrophilic channel, which contains many ordered waters and is lined
with polar residues (Glu516, Gln545, Glu591, Glu594, Asn622, and
Tyr660), connects the binuclear center with the cytoplasmic surface in
G.s. qNOR [17]. The conserved Glu512 and Glu581 residues, which are
potential terminal proton donors for the NO reduction reaction, are
located at the end of this water channel, and a salt bridge between
Lys597 and Glu281 appears to act as a proton entry site at the cytoplas-
mic side. A molecular dynamics (MD) simulation using the current
qNOR structure supported the hypothesis that protons enter the chan-
nel through a Lys597–Glu281 salt bridge, and are then transferred
through the chain of water molecules in the water channel, before
being donated to the binuclear center through the carboxylate groups
of the Glu512 and Glu581 residues [17]. Furthermore, the mutation
of Lys597 abolished NO reduction activity. Therefore, in the case of
qNOR, the catalytic protons appear to be supplied from the cytoplasmic
side to the binuclear center. This conclusion for qNOR is inconsistent
with the previous conclusions' view obtained from cNOR studies [35].
In both cNOR and qNOR, there is no continuous channel and/or
hydrogen bond network between the cytoplasmic and extracellular/
periplasmic sides, and, thus, protons do not permeate through the
TM region of NORs. These observations are consistent with the fact
that NORs have no proton pumping ability. However, it is notable
that the direction of the catalytic proton transfer is entirely opposite
between cNOR and qNOR, although these two types of the NOR en-
zymes share a number of structural and functional properties. Struc-
tural comparisons between cNOR and qNOR indicated that the three
conserved Glu residues in both enzymes form a small hydrophilic
cavity below the binuclear center, but the subsequent residues
Gln545 and Glu591 in the water channel of G.s. qNOR are substituted
with hydrophobic bulky Ile and Phe residues (Ile244 and Phe290 in
P.a. cNOR), respectively, both of which are highly conserved in
cNORs. These substitutions are likely to form a bottleneck in the
channel from the cytoplasmic side in cNOR. In fact, a search of chan-
nels in an I244Q/F290E cNOR variant, created by the computation
using the P.a. cNOR structure as a template, identiﬁed a hydrophilic
channel from the cytoplasm to the binuclear center. This observation
suggests that several mutations in cNOR could result in the creation
of a water channel, a potential proton transfer pathway, from the
cytoplasm.
It is also interesting that the location of the water channel in qNOR
overlaps with the K-pathway of COX, which acts as a proton transfer
pathway for the catalytic reduction of O2 and as a proton pumpingpathway. A close look at the K-pathway region of the micro-aerobic
cbb3 oxidase, a close relative of NOR in a phylogenetic analysis
(Fig. 4c), shows that several functionally important residues in the
K-pathway of cbb3 oxidase [37] are superimposable on the residues
that line the water channel of G.s. qNOR. Therefore, the water chan-
nel in qNOR could be a prototype of the proton pumping pathway
that is found in respiratory enzymes, and provides a clue to how
the respiratory enzymes acquired proton pumping ability. It is not
straightforward to create proton pumping ability in NOR by simple
mutagenesis because nature has designed elegant proton pumping
machinery such as an energy driven gate for pumping protons in COX.
For example, in mitochondrial aa3 COX, Yoshikawa and Tsukihara
proposed that the conformational change coupled with the iron reduc-
tion and O2 reduction could be responsible for the delivery of protons
uni-direction [38]. However, further functional studies based on the
structures of the respiratory enzymes promise to pave the way for elu-
cidating evolutionary events in the transition from anaerobic to aerobic
respiration, and can permit the function of the respiratory enzymes to
be controlled by protein engineering.
In summary, we propose herein a molecular mechanism for the
generation of N2O catalyzed by bacterial NOR, on the basis of the
molecular structures of P.a. cNOR and G.s. qNOR. To verify the proposal
and to test other possibilities, it will be necessary to solve the crystal
structures of various ligand-bound forms of cNOR and qNOR in different
oxidation states at higher resolution, and to carry out time-resolved
spectroscopic studies to directly characterize the electronic and coordi-
nation structure of the short-lived species during the NO reduction re-
actions. In addition, our novel ﬁndings concerning the proton transfer
pathway in qNOR could provide a clue to how respiratory enzymes
acquired proton-pumping ability as a physiological function.Acknowledgement
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